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INTRODUCTION 

The more recent development o f  d i r e c t  coal l i q u e f a c t i o n  processes f o r  r a p i d  
commercial readiness s t a r t e d  i n  1975 and culminated i n  1982. Four processes, SRC I 
and 11, H-Coal and Exxon Donor Solvent (EDS) were a t  the p o i n t  where they were 
considered se r ious  contenders fo r  commerc ia l izat ion 

Based p r i n c i p a l l y  on t h e  experience gained i n  l a rge  p i l o t  p lan ts  f o r  each o f  t he  
above processes, i t  could be s tated t h a t  commercial-scale d i r e c t  coal l i q u e f a c t i o n  
f a c i l i t i e s  cou ld  be designed and const ructed us ing a v a i l a b l e  technology t o  g i ve  
p red ic tab le  y i e l d s  and acceptable mechanical performance. 

A l l  t he  processes which were considered t e c h n o l o g i c a l l y  ready f o r  commercial izat ion 
as we l l  as those r e c e n t l y  developed i n  process development u n i t s  (PDU), i.e., Two- 
s tage L ique fac t i on ,  were based on research done a t  l a b o r a t o r i e s  o f  companies invo lved 
i n  petroleum processing. Thei r  experience i n  petroleum residues processing, which 
turned ou t  t o  be somewhat s i m i l a r  t o  d i r e c t  coal l i q u e f a c t i o n  processing, gave them 
a l ead ing  hedge over  o the r  DOE supported l a b o r a t o r i e s  i nvo l ved  i n  fundamental and 
app l i ed  research i n  d i r e c t  coal l i q u e f a c t i o n .  

I n  t h i s  pe r iod  o f  major  e f f o r t  f o r  ERDA/DOE (1975-82) we learned t h a t  t he  
development o f  t h i s  i n d u s t r i a l  technology requi res meaningful cooperation among 
many s c i e n t i f i c  d i s c i p l i n e s ,  i n c l u d i n g  severa l  branches o f  chemistry, physics, 
engineering, economics and others.  
proper balance among t h e  several branches involved, as p r i o r i t y  s h i f t s  from one 
d i s c i p l i n e  t o  the  o t h e r  according t o  the progress ion o f  problems encountered. 
i s  p a r t i c u l a r l y  t r u e  f o r  d i r e c t  coal l i q u e f a c t i o n  technology t h a t  i nvo l ves  complex 
operat ions,  and dea ls  w i th ,  what i s  now bel ieved,  a m ix tu re  o f  most ly  r e a c t i v e  and 
p a r t l y  r e f r a c t o r y  ma te r ia l s .  

During t h e  l a s t  t h r e e  years, w i th  t h e  d r a s t i c  cu r ta i lmen t  o f  t he  DOE budget, and the 
s h i f t  towards novel research approaches, most o f  t h e  recent appl ied research e f f o r t s  
were focused on a s i n g l e  aspect o f  coal  l i q u e f a c t i o n ,  namely ob ta in ing  h igh coal 
conversion, and n e g l e c t i n g  o the r  impor tant  coal processing components, i.e., the 
u p g r a d a b i l i t y  o f  t h e  converted coal e x t r a c t s  produced from h igh  conversion. An 
u p g r a d a b i l i t y  t e s t  would reveal  whether t h e  cond i t i ons  used i n  conver t ing the  coal 
were too  d r a s t i c ,  producing " re f rac to ry "  compounds which would be d i f f i c u l t  and 
expensive t o  downstream processing. This example and o the r  neglected requirements 
f o r  useful coal process ing revealed a widening gap between fundamental and appl ied 
research d i r e c t i o n  on one hand, and process technologica l  advances d i r e c t e d  toward 
poss ib le  scaleup, on t h e  other. This technologica l  gap needs t o  be br idged and more 
meaningful coo rd ina t i on  between R and D ought t o  be augmented. 
purpose t h a t  t h i s  paper i s  addressed to those researchers who are i n t e r e s t e d  i n  
pursu ing t h e  scaleup o f  research d i scove r ies  by p o i n t i n g  out  t h e  technologica l  needs 
f o r  t h e i r  development i n t o  f e a s i b l e  process scaleup con f igu ra t i ons  and the  produc- 
t i o n  of marketable fue l s .  Also the paper summarizes some recent t rends i n  d i r e c t  
coal  l i q u e f a c t i o n  technology, which e i t h e r  have achieved or have t h e  p o t e n t i a l  t o  
achieve developmental stages, t o  serve as poss ib le  gu ide l i ne  f o r  f u t u r e  research. 

(1,2,3). 

It requ i res  super io r  management t o  achieve a 

This 

It i s  f o r  t h i s  
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BACKGROUND AND RECENT DEVELOPMENT 

E a r l i e r  approaches t o  d i r e c t  coal l i q u e f a c t i o n  have employed h igh  s e v e r i t y  ope ra t i ng  
cond i t i ons  o f  pressure, temperature and coa l / so l ven t  s l u r r y  con tac t  time, t o  
achieve i n  one reac to r  t h e  h ighest  coal conversion and d i s t i l l a t e  y i e l d  poss ib le .  
Several disadvantages are associated w i t h  t h i s  processing mode, namely: 1) t h e  h igh  
hydrocarbon gas y i e l d  which causes h igh  hydrogen consumption. 2)  t he  product ion o f  
lower q u a l i t y  so lvent  con ta in ing  low b o i l i n g  d i s t i l l a t e s ,  3)  t h e  " regress ive"  forma- 
t i o n  o f  h igh b o i l i n g  d i s t i l l a t e s  and n o n - d i s t i l l a b l e s  which are " r e f r a c t o r y  t o  
hydrogenation" and are t h e  major cause o f  hyd ro t rea t i ng  c a t a l y s t  deac t i va t i on ,  4 )  
t h e  extreme d i f f i c u l t y  i n  c o n t r o l l i n g  t h e  h i g h l y  exothermic reac t i on  o f  molecular  
hydrogen w i t h  aromatics, p a r t i c u l a r l y  i n  l a r g e  scale u n i t s ,  and 5 )  t h e  p roduc t i on  o f  
lower q u a l i t y  d i s t i l l a t e  f u e l  products  which requ i re  more severe hydrotreatments t o  
meet t r a n s p o r t a t i o n  f u e l  s p e c i f i c a t i o n s .  

The accepted main mechanism f o r  h igh  s e v e r i t y  conversion o f  coal  i s  t he  h o m o l i t i c  
thermal cleavage o f  bonds t o  y i e l d  f r e e  rad i ca l s ,  which are capped by hydrogen from 
t h e  donor so lvent  or  hydroaromatic s t ruc tu res  i n  coals. 

A more recent approach uses l ow  s e v e r i t y  operat ion i n  separated stages i n  order  t o  
opt imize the  coal d i s s o l u t i o n  s tep and coal e x t r a c t  upgrading step. The r e s u l t  i s  
t o  s u b s t a n t i a l l y  reduce, and i n  some cases e l iminate,  t h e  disadvantages c rea ted  by 
h igh  s e v e r i t y  processing. 

I n teg ra ted  staged operations i n  continuous u n i t s  a t  Lurmnus, W i l s o n v i l l e ,  Kerr-McGee 
and HRI have produced enhanced y i e l d s  o f  h igh q u a l i t y  d i s t i l l a t e  product and 
recyc le  donor solvent, both w i t h  much reduced heteroatom content and lower  hydrogen 
consumption compared t o  h igh s e v e r i t y  s ing le-s tage processing (4) .  

Recent work on i n teg ra ted  staged coal l i q u e f a c t i o n  processing and o the r  DOE 
supported p ro jec ts ,  as w e l l  as development o f  new a n a l y t i c a l  techniques, have 
prov ided subs tan t i a l  amounts o f  new in fo rma t ion .  The r e s u l t  has been t o  change 
s u b s t a n t i a l l y  our approach t o  coal l i q u e f a c t i o n  techniques and t o  i n s p i r e  new 
thoughts i n  unravel ing t h e  complex mechanism o f  d i r e c t  coal l i q u e f a c t i o n  a t  low 
s e v e r i t y  operations. Important new i n f o r m a t i o n  inc ludes:  

Low seve r i t y  processing forms most ly  r e a c t i v e  low molecular-weight 
fragments. Conversely, s i n g l e  stage thermal and t h e r m a l / c a t a l y t i c  
processing produce high-molecular weight products thought t o  be 
a c t u a l l y  condensation products  o f  such smal ler  fragments and 
consequently, l ess  r e a c t i v e  (5).  

Thermally produced coal e x t r a c t s  con ta in  a h igh  l e v e l  o f  heteroatom 
compounds and are " r e f r a c t o r y "  t o  c a t a l y t i c  hydrogenation (6). Conversely, 
low seve r i t y  produced e x t r a c t s  are low i n  heteroatoms and more e a s i l y  
hydrogenatable. c o n s i s t e n t l y  y i e l d i n g  e x c e l l e n t  e q u i l i b r i u m  donor so l ven t ,  
as proved i n  a l l  I n teg ra ted  Two Stage L ique fac t i on  (ITSL) operat ion ( 7 ) .  

No h igh  v i s c o s i t y  gel reg ion i s  apparent over the  280-350°C temperature range f o r  a 
s l u r r y  o f  bituminous coal and ITSL so l ven t ,  as was the  case f o r  s l u r r i e s  prepared 
w i t h  t h e  same coal and o the r  types of so lvent  (8) .  

Proton NMR analys is ,  mod i f i ed  t o  p rov ide  data on ITSL d i s t i l l a t e  and n o n - d i s t i l l a t e  
f r a c t i o n s ,  serves t o  c rea te  a k i n e t i c  model f o r  coal e x t r a c t  hydroprocessing, thus 
enabl ing us  t o  d i s t i n g u i s h  c a t a l y t i c  hydrogenation and crack ing react ions,  and t o  
p r e d i c t  the so lvent  donor c a p a b i l i t y  as w e l l  as t h e  y i e l d  s t r u c t u r e  o f  t h e  upgraded 
products  (9) .  
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A m ix tu re  o f  condensed aromatics, hydroaromatics, p a r a f f i n s  and t h e i r  
respec t i ve  heteroatom d e r i v a t i v e s  i s  produced du r ing  coal l i q u e f a c t i o n .  This 
m ix tu re  tends t o  be unstable because o f  t he  i n c o m p a t i b i l i t y  between p o l a r  
heteroatom compounds and hydrocarbons, as w e l l  as between condensed aromatics 
and p a r a f f i n s .  Condensed hydroaromatics, having c lose r  a f f i n i t y  f o r  both 
aromatics and p a r a f f i n s ,  tends t o  keep them i n  so lu t i on ,  t hus  c o n t r i b u t i n g  t o  
the s t a b i l i t y  o f  the coal ex t rac t .  Low s e v e r i t y  coal  e x t r a c t i o n  y i e l d s  l a r g e r  
q u a n t i t y  o f  hydroaromatics and sma l le r  amount o f  h igh  heteroatom, condensed 
aromatics and p a r a f f i n s  (9 )  

Best c a t a l y s t s  t e s t e d  are those mod i f i ed  t o  suppress the  hydrocracking a c t i v i t y  
and enhance hydrogenation f u n c t i o n a l i t y  ( 7 ) .  

Coai der ived t r a n s p o r t a t i o n  f u e l s  possess i nhe ren t  h igh  premium q u a l i t y  which 
due mos t l y  t o  t h e i r  hydroaromatic (naphthenic) nature. Coal-derived naphthas 
conta in  l a r g e  q u a n t i t i e s  o f  h i g h l y  a1 ky la ted  cyclohexanes which, by reforming, 
convert t o  t h e  corresponding benzenes and i n  the  process, recover a l a r g e  
p o r t i o n  o f  t h e  hydrogen t o  make t h e  o v e r a l l  coal l i q u e f a c t i o n  approach economi- 
c a l l y  more a t t r a c t i v e .  
high octane gaso l i ne  thus formed. 
t u t e d  most ly  o f  d i -and t r i - hyd roa romat i cs  and corresponding aromatics. Re f in ing  
must convert t h e  aromatics t o  l ess  than t e n  percent l e v e l  t o  meet marketable j e t  
and d i e s e l  f u e l  s p e c i f i c a t i o n s  o f  smoke p o i n t  and cetane number, respec t i ve l y  

Phenols i n h i b i t  c a t a l y t i c  deni t rogenat ion o f  coal der ived l i q u i d s  (11). 
Ni t rogen compounds i n h i b i t  c a t a l y t i c  hydrogenation o f  aromatics 

Recycle so lvent  produced a t  h igh  s e v e r i t y  (SRC-I) and mod i f i ed  by removing p a r t  
of t h e  heteroatom compounds. produces s i g n i f i c a n t l y  h igher  o i l  y i e l d  and coal 
conversion compared t o  t h e  data obta ined w i t h  the  unmodif ied so lvent  (13). 

A l ky la ted  benzenes a re  t h e  major con t r i bu to rs  t o  the 
Coal der ived middle d i s t i l l a t e  i s  cons t i -  

(10). 

(12). 

SIGNIGICANCE OF RECENT DEVELOPMENT 

Processing coals  a t  l ow-seve r i t y  operat ions has t h e  p o t e n t i a l  f o r  s i m p l i f y i n g  the 
process scheme, d r a s t i c a l l y  reducing r e a c t i o n  s e v e r i t y  and i n s t a b i l i t y  o f  t he  
reac t i on  i n te rmed ia te  products, and y i e l d i n g  super ior  q u a l i t y  f u e l  products. 

Novel research approaches w i l l  have t o  compete against  t h e  super ior  achievements 
obta ined a t  l ow-seve r i t y  processing, r a t h e r  than c i t i n g  small  improvements over 
h igh -seve r i t y  process ing r e s u l t s .  

Other  s i g n i f i c a n t  conc lus ions der ived from low-seve r i t y  l i q u e f a c t i o n  are: 

A mechanism o f  t h e  i n i t i a l  coal e x t r a c t i o n  d i f f e r e n t  than t h a t  f o r  t h e  h igh  
s e v e r i t y  o p e r a t i o n  must be invoked f o r  t h e  low s e v e r i t y  conversion i n  which 
coal and donor so l ven t  f i r s t  form an "adduct," poss ib l y  by i n t e r a c t i o n  o f  both 
hydrogen and cova len t  bonds. 
weakening t h e  coa l  aromatic s t r u c t u r e  throush hvdroqen t r a n s f e r  from the  donor 

Bond cleavage o f  t h e  adduct i s  accomplished by 
- - -  

so lvent  t o  t h e  coal. 
cracked the rma l l y .  

This o v e r a l l  hydroaromatic s t r u c t u r e  i s  more e a s i l y  

The apparent non- in tervent ion o f  t he  hydrogen gas i n  the  donor so lvent /coal  
react ion,  i n  s p i t e  o f  t he  imposed h igh  hydrogen p a r t i a l  pressure, would 
i n d i c a t e  t h a t  t h e  donatable hydrogen present i n  t h e  so lvent  i s  t rans fe r red  
much fas te r  t o  t h e  coal t han  the  hydrogen gas which has t o  t r a n s f e r  f i r s t  t o  
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t he  so lvent  and f i n a l l y ,  t o  the  coal. 
seemingly f a s t e r  than t h e  occurrence o f  most repolymer izat ion reac t i ons  known as 
“ regress ive”  react ions.  
flowdynamics would be reduced t o  r e l a t i v e l y  simple l i q u i d / s o l i d  two phase 
react ion,  a n t i c i p a t i n g  b e t t e r  c o r r e l a t i o n  between data produced i n  bench- and 
scale-up un i t s .  

Removal o f  heteroatoms from f r e s h l y  formed preasphalthenes might  be s u f f i c i e n t  
t o  conver t  them t o  to luene so lub les  and u l t i m a t e l y  t o  y i e l d  most ly  
hydroaromati cs . 
The low s e v e r i t y  coal e x t r a c t i o n  i s  apparent ly  t he rma l l y  neu t ra l  i n  t h a t  t h e  
exothermic hydrogenation o f  condensed aromatics i s  equal ized by the  
endothermic dehydrogenation o f  t h e  hydroaromatics, t h e  major cons t i t uen ts  of 
the donor solvent. 
c o n t r o l l a b l e  than t h e  exothermal hydrogen-gas/solvent/coal h igh  s e v e r i t y  
react ion,  an extremely impor tant  f a c t o r  i n  scale-up operations. 

Also. donor so lvent-coal  r e a c t i o n  i s  

In. t he  absence o f  a reac t i ng  gas phase the SCT reac to r  

Thus, l ow  s e v e r i t y  e x t r a c t i o n  i s  i n h e r e n t l y  much more 

GENERAL THOUGHTS AND RECOMMENDATIONS 

F i r s t  o f  a l l  we need t o  recognize t h a t  f u t u r e  coal l i q u e f a c t i o n  commercial e f f o r t s  
w i l l  be market-driven instead o f  technology-driven. I n  some i n d u s t r i e s  l i k e  
computers, a techn ica l  breakthrough creates a new market. For coal l i q u e f a c t i o n ,  
and f o r  synfuels  i n  general,  t h e  market w i l l  p o i n t  t h e  d i r e c t i o n  and technology w i l l  
c l e a r  t h e  path. 

With these thoughts i n  mind, one needs t o  acknowledge t h a t  t h e  c y c l i c  nature o f  coal 
de r i ved  products, even tua l l y  con ta in ing  some o f  t he  heteroatom i m p u r i t i e s  w i l l  
r e q u i r e  new standard s p e c i f i c a t i o n s  f o r  t h e i r  safe use. Consequently, t o  meet 
today‘s  f u e l  s p e c i f i c a t i o n s  and avoid poss ib le  unknown problem i n  t h e  fu tu re ,  one 
must f i r s t  p r a c t i c a l l y  remove most o f  t he  heteroatoms and a l l  o f  t h e  minera l  ma t te r  
from coal l i q u i d s .  Obviously i t  would be advantageous t o  remove a l a r g e  p o r t i o n  o f  
t h e  minera l  from t h e  organic  mat ters  p r i o r  t o  i n t roduc ing  coal i n t o  t h e  s l u r r y  
vessel. Also advantageous would be t o  e i t h e r  remove the  heteroatoms i n  t h e  e a r l y  
s tage o f  coal  e x t r a c t i o n  and/or t o  weaken t h e  carbon-heteroatom bonds f o r  ease o f  
heteroatom removal i n  subsequent stages. Experimental r e s u l t s  a t  Suntech (11 ) 
advises t o  remove f i r s t  t h e  more abundant oxygen, which seems t o  t i e  up t h e  n i t r o g e n  
compounds v i a  hydrogen bonding, and thus  making eas ie r  t h e  subsequent n i t r o g e n  
removal. 

Complementary fundamental s tud ies  on C-0 and C-N bond sc i ss ion  should be emphasized 
over  the  cu r ren t  C-C bond crack ing e f f o r t .  

Most o f  t he  s u l f u r  i s  converted t o  hydrogen s u l f i d e  du r ing  l i q u e f a c t i o n  and 
upgrading, and the  H S must be kept  i n  t h e  system as c a t a l y s t  i t s e l f  and as 
“ a c t i v a t o r ”  o f  t r a n s k i o n  metal c a t a l y s t s .  

Preservat ion o f  h i g h l y  reac t i ve ,  small  fragments i n  t h e  coal e x t r a c t  i s  of utmost 
importance i n  producing an e x c e l l e n t  donor so l ven t  and h igh  q u a l i t y  d i s t i l l a t e  f u e l  
products. For t h i s  purpose, t h e  fragments should be withdrawn from t h e  e x t r a c t i o n  
r e a c t o r  as soon as they a re  formed. The unconverted coal can be f u r t h e r  converted 
by r e c y c l i n g  i t  w i t h  the preasphalthenes as p a r t  o f  t h e  recyc le  so lvent .  
approach appears t o  be e s p e c i a l l y  successful i n  processing low r e a c t i v i t y  coa ls  such 
as Wyodak subbituminous coal ( 7 )  and supports the  c la im  (14) t h a t  conversion i s  not  
coal  l i m i t e d  but  process l i m i t e d .  

This  
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B e t t e r  p rese rva t i on  o f  t h e  r e a c t i v e  small  fragments can be achieved by increas ing 
t h e  donatable hydrogen l e v e l  and decreasing t h e  heteroatom content o f  t he  recyc le  
so lvent .  
a b i l i t y  o f  t he  coal as both cond i t i ons  become more reac t i ve  w i t h  increas ing 
temperature. Consequently, i t  i s  adv isable t o  a l l o w  f o r  a thermal soaking treatment, 
i.e., a t  250-350°C temperature range f o r  10-30 minutes, p r i o r  t o  a ve ry  sho r t  con tac t  
t ime  (SCT) a c t i o n  o f  rap id  hea t ing  (two minutes o r  l e s s )  t o  the 45OOC e x i t  tempera- 
t u r e .  It i s  ev ident  t h a t  a l l  t h e  above a c t i v i t i e s  are interdependent and t h e  
improvements maximized i n  an i n t e g r a t e d  recyc le  process. 

It i s  extremely d i f f i c u l t  t o  capture i n  research bench sca le  u n i t s  t h e  essence o f  
t h e  r e s u l t s  produced i n  the  i n t e g r a t e d  recyc le  process, because most o f  the key 
bene f i t s ,  i . e . ,  cos: conversion and enhanced donor so lvent  q u a l i t y ,  are obtained 
o n l y  a f t e r  several cyc les  o f  t h e  i n t e g r a t e d  staged operations. 
researchers could avo id  the  l ong  and ted ious  recyc le  operations by apply ing t h e  
aforementioned k i n e t i c  model f o r  coal e x t r a c t  hydroprocessing (9 )  and us ing proto-NMR 
data of t he  coal  e x t r a c t  t o  p r e d i c t  so l ven t  donor c a p a b i l i t y  and y i e l d  s t r u c t u r e  o f  
t he  upyraded products .  

The recommendations made w i l l  a l s o  preserve the  h i g h l y  va luable c y c l i c  cha rac te r i s -  
t i c s  of  t he  f i n a l  f u e l  products, min imiz ing t h e  format ion o f  p a r a f f i n s .  Conversion 
o f  hydroaromatics t o  e i t h e r  p a r a f f i n s  o r  t o  aromatics, i f  des i rab le  t o  meet f u e l  
s p e c i f i c a t i o n s ,  i s  achieved under easy and c o n t r o l l e d  operat ions.  

It i s  impor tant  f o r  t h e  donatable hydrogen t o  match the  hydrogen accept- 

Bench scale 
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